The effect of replacement of lanthanide by misch metal (Mm) in La-Al-TM (TM; transition metal, Ni, Cu and Co) alloys has been investigated to evaluate the possibility of fabrication of in-situ glass matrix composites with enhanced properties. For the as-cast cylindrical Mm 55 Al 25 Ni 10 Cu 10 alloy ingot with 3 mm diameter, the microstructure is consisted of two kinds of a few mm size crystalline phases (volume fraction: 4.6%) uniformly distributed in the metallic glass matrix. The substitution of La by Mm reduces the glass forming ability (GFA), i.e., lower the reduced glass transition temperature,
Introduction
Rare earth (RE)-Al-transition metal(TM) alloy systems such as La-Al-Ni (Cu, Co), [1] [2] [3] Nd-Al-Fe(-Co) 4) and Pr-Al-Fe alloys 5) have been reported to exhibit a good glass forming ability (GFA) and/or a wide supercooled liquid region before crystallization. In particular, the La-Al-Ni-Cu(-Co) alloys exhibit an extremely good glass forming ability enabling the fabrication of a fully amorphous ingot with the maximum diameter of 9 mm. The critical cooling rate (R c ) for glass formation has been estimated to be 7.9-10 K/s. 3, 6) Since misch metal (Mm) is a natural mixture of RE elements, such as Ce, La, Nd and Pr, it is expected that BMGs with a large GFA can be fabricated by replacement of RE elements with low cost Mm in RE-Al-TM system. In fact, it has been reported that the replacement of RE elements by Mm enabled a large GFA in Mg-base and Al-base alloys. 3) Since Mm is a mixture of several elements, the addition of Mm meets one empirical rule, 8) the multiple-constituency criterion for the improvement of GFA.
Since RE-Al-TM BMGs exhibits very little room temperature plasticity, 3, 9) it is required to enhance the plasticity, for example, by introducing a reinforcing phase into metallic glass matrix. In general, the reinforcing phase provides a barrier for shear band propagation, resulting in the promotion of multiple shear band formation in the glass matrix. [10] [11] [12] [13] [14] Insitu BMG composites can be directly fabricated by precipitating a nanocrystal or a dendritic metallic phase from the melt during casting. Due to the stable interface between reinforcing phase and matrix the in-situ BMGs exhibit enhanced mechanical properties, in particular enhanced plastic strain. 15) In the present paper, we made an attempt to produce an insitu BMG composite in Mm-Al-TM alloy system using an injection copper mold casting method. The objectives are to present a possibility of fabrication of an in-situ BMG composite in Mm-Al-TM alloy system and to investigate the GFA and the mechanical properties associated with compressive strength and plastic strain. From these master alloys, glassy ingots were produced by injection casting into copper mold with cylindrical shape cavities, of 1, 2, 3 and 5 mm diameters with 50 mm height, under a purified Ar gas atmosphere. For comparison, amorphous ribbons with a cross section of about 0:025 Â 1 mm were also produced by the melt spinning technique in an Ar gas atmosphere.
Experimental procedure
The structural analysis was performed using X-ray diffraction (XRD, Rigaku CN-2301 X-ray diffractometer), while the microstructural analysis was performed using optical microscopy, scanning electron microscopy (SEM; Hitachi S-2700) equipped with energy-dispersive spectroscopy (EDS).
The thermal stability associated with glass transition and crystallization was investigated at heating rate of 0.67 K/s by differential scanning calorimetry (DSC, Perkin-Elmer DSC7). The melting and liquidus temperatures were also measured at heating rate of 0.33 K/s by differential thermal analysis (DTA, Perkin-Elmer DTA7). Furthermore, the crystallization kinetics associated with the effective activation energy for crystallization E c and the crystallization rates constant K T at each peak temperature of crystallization T p under non isothermal conditions were analyzed using the Kissinger relationship. 16) For the evaluation of the mechanical strength and plasticity room temperature compression tests on cylindrical specimens with 01:0 mm Â L2:0 mm were performed at a strain rate of 1:7 Â 10 À4 s À1 . The micro-hardness was also measured under a load of 3 Newton at a constant indenter dwell time of a 10 seconds with a micro-Vickers hardness tester. Values of hardness were determined from the average values of minimum 5 measurements.
Results

Microstructure of injection-cast alloys
As can be seen in the DSC traces obtained with the heating rate of 0.67 K/s (Fig. 1) Small volume fraction (about 1 area%) of crystalline phase was present in the amorphous matrix in the cylindrical sample with the diameter of 1 mm ( Fig. 2(a) ). In general, with the increase of the diameter of the cylindrical samples, the volume fraction of the crystalline phases increased (Figs.
2(b)-(d))
. Two types of crystalline phases with the size of a few micrometers, light-contrast and dark-contrast phases marked in A ( Fig. 2(c) ) and B ( Fig. 2(b) ), respectively, were uniformly distributed on the whole cross sections of the ingot. The size and the number of the two crystalline phases gradually increased with increasing ingots size, and consequently the two phases occupied almost entire 2$3 mm Table 1 Thermal properties of metallic glass associated with glass transition temperature, onset temperature of crystallization, superliquid temperature region and heat of crystallization in Mm-base and La-base alloys. Fig. 2(e) ), the size and the number of two crystalline phases were similar to those of Mm 55 Al 25 Ni 10 Cu 10 quaternary alloy sample with a diameter of 5 mm ( Fig. 2(d) ) indicating a similar kinetics of crystal formation and growth during cooling in injection casting process for two alloys in spite of having different sample diameters. This suggests that GFA of quaternary alloy is enhanced by substitution of Ni by Cu in ternary Mm 55 Al 25 Ni 20 alloy as reported in the result about the GFA in corresponding La-based alloy systems.
3) Figure 3 compares the XRD patterns taken from the asmelt-spun sample and injection-cast Mm 55 Al 25 Ni 10 Cu 10 cylindrical samples with the diameters of 3 and 5 mm. For comparison, the XRD pattern obtained from the arc-melted master alloy is also included in Fig. 3 . A diffuse halo peak characteristic of an amorphous structure was observed in the XRD pattern obtained from the as-melt-spun sample. As expected from the optical micrographs (Fig. 2) , several Bragg peaks of crystalline phases were superimposed on the diffuse halo peak in the XRD patterns obtained from the injectioncast cylindrical samples with the diameters of 3 and 5 mm (Figs. 3(b) and (c) ). The position of the Bragg peaks were are very similar to those of AlCeNi and Ce 3 Al observed in the XRD pattern obtained from the arc-melted master alloy, although there were slight shifts in the position of the peaks possibly due to the inclusion of other rare earth elements in Mm. Based on the phase identification results from EDS measurements and XRD analysis in the Mm-based alloy, light-contrast and dark-contrast phases can be identified as Al(Ce(La, Pr, Nd))Ni and (Ce(La, Pr, Nd)) 3 Al, respectively. Figure 4 shows strain-stress curve obtained from room temperature compressive tests for the injection-cast Mm 55 Al 25 Ni 10 Cu 10 alloy cylindrical samples with the diameters of 1 mm. The sample exhibited an enhanced plastic strain of 1.2% before failure (total strain to failure: 3.5%) compared with very little plastic strain previously reported in RE-Al-TM BMG alloys. 3, 9) The fracture strength was 931 MPa, which is significantly higher than the previously reported compressive fracture strength of 600 MPa for Labased metallic glass matrix composite alloys. 9 Fig. 2(d) ) exhibited a lower hardness of Hv 231 AE 5:2 compared with the hardness (Hv 243 AE 4:1) taken from the glassy surface near outer edge with a thickness of 1:0$1:2 mm.
Mechanical properties of Mm-based metallic glass matrix composites
As typical plastic strain for BMGs in room temperatures compression test are generally less than 1.0%, [12] [13] [14] we suppose that the plastic deformation of this BMG matrix composite alloy is enhanced by the introduction of crystal phases in the metallic glass matrix. The enhanced ductility can be attributed to the restriction of dominant shear band propagation and the multiple shear band formation owing to the presence of crystalline phases. 12 ,17) Figure 5 shows the fracture surface and specimen surface after fracture, observed by SEM. Defects such as pores were not observed on the fracture surface, and the shear plane was inclined about 42 degree with respect to the loading axis, 14) as shown in Fig. 5(a) . Traces of multi-shear bands were observed on the surface of the failed specimens, and a well-developed vein-pattern was formed on the fracture surfaces, as shown in Figs. 5(b) and (c), respectively. Additionally, on the fracture surface, several small droplets were observed (see arrow marked part in Fig. 5(d) ). This suggests that melting events associated with inhomogeneous flow may have locally occurred during the final failure process. In general, localized melting phenomena in compression (or impact) tests for BMGs have been frequently reported as results of fractographic observation (e.g., small droplet, elongated vein like patterns in the fractures surface) or/and emission of bright sparks. 14, 18) 4. Discussion 4.1 Evaluation of correlation between crystallization rates constant and glass forming ability Zhuang et al. have proposed that a method based on the crystallization rate constant (K T ) to estimate the GFA, and showed that for the metallic glasses the smaller the crystallization rate constant, K T , the larger the GFA, i.e., the smaller the values of, K T , the larger the supercooled liquid region (ÁT x ) for Zr-Ti-Cu-Ni-Fe-Be BMG alloys. 19) A similar correlation between the GFA and K T was also observed in the Fe-Nb-Al-Ga-P-C-B 20) and Pd-Ni-Cu-P BMG alloys. 21) Thus, in order to evaluate the variation of the GFA in the three Mm-based alloys, the crystallization kinetics associated with the effective activation energy for crystallization, E c , and the crystallization rates constant, K T , at each crystallization peak temperature, T p , for the Mm-Al-Ni-(Cu-Co) alloys under non isothermal conditions were analyzed using the Kissinger relationship: 16) 
where is the heating rate, R is the gas constant, E is the apparent activation energy, K 0 is the frequency factor in Arrhenius law, that is, K T ¼ K 0 expðÀE=RTÞ, and T can be substituted by either T p or T g .
According to the Kissinger relationship given by eq. (1), K 0 can be determined from the intercept of the plot of lnðT 2 =Þ vs. 1000=T and E can be calculated from the slope of the plot E=R. Thus, the crystallization rate constant, which is the frequency for an atom having energy E c to join the cluster at a certain temperature, can be determined from the Arrhenius law knowing K 0 and the apparent activation energy for crystallization E c for each crystallization peak temperature T p . The results for three Mm-based alloy ribbons are presented in Table 2 .
As it can be seen in Table 2 , the crystallization rate constant, K T-p , at each crystallization peak temperature, T p , decreased with increasing the number of TM constituent elements in Mm-Al-TM alloys. A correlation between K T-p and GFA, represented by ÁT x previously in La-Al-TM alloys, [1] [2] [3] is determined for the three Mm based metallic glass alloys in the present study. In higher-order alloy system, it is more difficult for the concentrations of all elements to satisfy simultaneously the composition requirements for the nucleation of crystalline phase than in lower-order systems.
This concept of confusing crystallization was called as the 'confusion principle'. 22) In fact, the metallic glass alloy with the smallest K T-p is the one with largest supercooled liquid region ÁT x and the best GFA for the Mm-Al-TMs alloys. Otherwise, the reduced glass transition temperatures, T rg , as listed in Table 1 , which have been regarded as another strong index parameters for the estimation of GFA, 6, 23) are similar among the three Mm-based alloys. However, according to our results there is no distinct correlation between the reduced glass transition temperatures, T rg , and the crystallization rate constants K T-p .
Microstructural evolution with the ingot size and
critical cooling rate for BMG composite Figure 6 shows that the variation of microstructural evolution parameters expressed in terms of the area fraction and the number of crystal per unit area for the two crystalline phases (see section 3.1) in the as-cast cylindrical Mm 55 Al 25 Ni 10 Cu 10 alloy ingots with the diameters of 1-5 mm.
The number of the dark-contrast phase per unit area is approximately constant with values of 2:08 Â 10 9 -3:16 Â 10 9 m À2 , for the sample with up to 3 mm diameter, and then abruptly increases by about one order higher magnitude to reach the value, 3:36 Â 10 10 m À2 , for the sample with 5 mm diameter. However, the number of the light-contrast crystalline phase per unit area is continuously increasing with the increasing diameter up to 5 mm reaching 2:52 Â 10 10 m À2 . In the case of the area fractions of the two crystalline phases, similar tendency was found as shown in Fig. 6 .
From the results of the Fig. 6 , it is supposed that the formation of light-contrast particles is more sensitively affected by the variation of the cooling rate than darkcontrast phases in the range of cooling rates represented by the cylindrical diameters of between 1 mm and 3 mm.
Here, we make an attempt to estimate the relative cooling Table 2 Kinetics parameters for the crystallization peaks in the Mm-Ni-TM alloy ribbons. Values of T p are measured at the heating rate of 0.667 K/s. rates in terms of the ingot size. It is well known that the cooling rate, R CR , of cast alloy is inversely proportional to the ratio of volume, V, of the cast sample to its surface area, A s , namely a characteristic length, L c (¼ V=A s ), that is a linear function of ( s t f Þ 0:5 , where, t f is the time for complete cooling to a certain temperature, and s is the thermal diffusivity of solid. 24) Thus, the relationship between R CR and L c can be expressed by
where ÁT L is the temperatures range of cooling, C is the constant related to ÁT L , the heat of solidification per unit volume and the thermal capacity of the ingot. Since both C and in eq. (2) are only dependent on the casting conditions and thermal properties of the alloy, the relative cooling rates can be estimated in terms of the difference of the sample size.
For infinite cylindrical shape ingot, the characteristic length, L c , can be expressed as half its radius. 24) Therefore, according to eq. (2), it is estimated that the cooling rate for 3 mm diameter ingot is about 11% lower than that for 1 mm diameter ingot.
Since the lever of the maximum cooling rate level could be estimated to be about 10 3 K/s in the case of an injection casting process into chill metal mold with very small size cavity such as 1 mm in diameter, 25) 
Conclusion
The effect of replacement of lanthanide by misch metal (Mm) in La-Al-TM (TM; transition metal, Ni, Cu and Co) alloys has been investigated to evaluate the possibility of fabrication of in-situ glass matrix composites with enhanced properties. The results obtained can be summarized as follows,
(1) Complete replacement of lanthanide by Mm in the LaAl-TM system enables the fabrication of in-situ BMG composite sample. The composite exhibits a wide supercooled liquid region and a diffused halo in the Xray diffraction pattern, which are similar to those of the melt spun alloy ribbon. (2) In comparison to the corresponding La-Al-TM system, the substitution of lanthanide by Mm caused a decrease of the thermal stability of the metallic glasses and of the reduced glass transition temperatures T rg . Therefore, the decrease of GFA for the Mm-based alloys can be represented by the decrease of ÁT x and T rg . (3) The as-cast Mm 55 Al 25 Ni 10 Cu 10 alloy composite is consisted of two kinds of a few mm size crystalline phases uniformly distributed in the metallic glass matrix. (4) The enhanced strength and ductility was explained by the presence of fine crystalline phases embedded in the BMG matrix, which led to a multiple shear band formation.
